This article describes a self-healing coating for corrosion protection of metals, which combines two different types of self-healing mechanisms in one coating with multiple-healing functionality. 2-Mercaptobenzothiazole (MBT) was loaded into layered double hydroxide (LDH) carriers that were mixed into an acrylated polycaprolactone polyurethane-based shape-recovery coating and applied on hot-dip galvanized steel (HDG). The effect of triggered release of MBT on the protection of HDG became visible when samples with manually applied defects in the coating were immersed in 0.05 M NaCl solution (first, autonomous-healing mechanism). The shape recovery (second, non-autonomous-healing mechanism) was triggered by heating the samples for 2 min to 60°C. SEM-EDX and Raman spectroscopy proved the presence of MBT in the LDH, in the MBT-loaded LDH in the coating and the released MBT on the HDG surface in the damaged area after being in contact with a solution containing corrosive ions. Electrochemical impedance spectroscopy and scanning vibrating electrode technique demonstrate the corrosion protection effect of MBT in the coating with a defect and the restoration of the barrier properties of the coating after defect closure. This way, the independent mechanisms of this multi-action self-healing coating could be demonstrated.
Many researchers are trying to tackle the immanent problem of corrosion by using self-healing coatings for all kinds of applications (off-shore wind parks, airplanes, automotive industry, chromium replacement, etc.). Their work led to different sorts of self-healing mechanisms being developed, which fulfill different requirements. Several reviews exist which discuss the latest advances in the field (Zwaag, 2007; Wu et al., 2008; Yuan, 2008; Blaiszik et al., 2010; Samadzadeh et al., 2010; Fedrizzi, 2011; García et al., 2011; Zadeh et al., 2013) . There are coatings that physically close or fill defects (Toohey et al., 2007; Jorcin et al., 2010; González-García et al., 2011a,b; Brancart et al., 2012) , others that automatically protect the metal substrate underneath the coating against corrosion induced by aggressive species (Andreeva and Shchukin, 2008; Shchukin et al., 2010; Zheludkevich et al., 2010; Yasakau et al., 2012; Borisova et al., 2013a,b) . Alternatively, self-healing coatings can also be split in two categories: (i) intrinsically healing coatings where the coating matrix performs the healing (Rodriguez et al., 2011; Döhler et al., 2015; Lutz et al., 2015) and (ii) extrinsically healing coatings that embody containers within the coating matrix that release a healing agent (Toohey et al., 2007; Hansen et al., 2009; Zheludkevich et al., 2010; Maia et al., 2012; Borisova et al., 2013b) . Some coating systems are thus fully autonomous (Brown et al., 2003; Maia et al., 2012 Maia et al., , 2013 Hillewaere and Du A Multiple-Action Self-Healing Coating Frontiers in Materials | www.frontiersin.org Prez, 2015) and their triggers are either species that are generated by the corrosion process (Grigoriev et al., 2009; Zheludkevich et al., 2012) or the infliction of a defect (White et al., 2001; Brown et al., 2003; Toohey et al., 2007; Hansen et al., 2009; Hillewaere and Du Prez, 2015) . Other coatings, called non-autonomous or on-demand healing systems, require a trigger, such as heat to initiate the healing process (D'Hollander et al., 2009; Wouters et al., 2009; Jorcin et al., 2010; González-García et al., 2011a,b; Brancart et al., 2012; Luo and Mather, 2013; Scheltjens et al., 2013; Lutz et al., 2015) .
As reviewed by García et al. (2011) , each self-healing mechanism not only has its advantages but also has its disadvantages. In the last 2 years, the first combinations of healing agents have been presented (Hong et al., 2007; Markley et al., 2007; Montemor et al., 2008 Montemor et al., , 2012 Rodriguez et al., 2011; Ferrer et al., 2014; Kartsonakis et al., 2014; Serdechnova et al., 2014; Döhler et al., 2015) . Yet, the focus of these developments has been set on extending one sort of healing mechanism [e.g., better corrosion inhibition by using a second corrosion inhibitor (Hong et al., 2007; Markley et al., 2007; Montemor et al., 2008 Montemor et al., , 2012 Ferrer et al., 2014; Kartsonakis et al., 2014; Serdechnova et al., 2014) or achieving better scratch closing by adding another polymer that links the two surface boundaries of a closed scratch (Rodriguez et al., 2011; Döhler et al., 2015) ]. It does, however, not solve the basic issues of single action healing systems in the former case, the scratch will stay open for continuous access of corrosive species and in the latter case the surface in the defect is not protected until after the scratch closing is triggered.
Therefore, we developed a multi-action self-healing (MASH) coating that combines an extrinsic autonomous corrosion protection system with an intrinsic on-demand shape-recovery coating. To underline the importance of the combination of the two systems, it is necessary to understand the limitations of the single self-healing systems; these ones being just examples for others: the corrosion inhibitor system alone would after a (long enough) period of time be depleted and no longer be able to locally release corrosion inhibitors. The absence of certain species still enables corrosion but does not trigger the release of the inhibitor. Also, the visual appearance of a product with scratches is no longer flawless, and thus loses its esthetical value. Generally, such autonomous systems protect the metal substrate, but lack the ability to restore the coatings' initial barrier properties. The release of an actively self-healing agent (corrosion inhibitor, water repellent, coating repair agent, etc.) reduces the barrier functionality at the original location of the container where it was stored in trade for the corrosion inhibition in the defect. Additionally, the amount of locally stored self-healing agent is small compared to the to-be-healed defect size. On the other hand, the shaperecovery coating does not provide any protection if the healing is not triggered. Consequently, delamination and corrosion in the defect and under the coating can hinder the scratch closing process. The combination of the two parallel healing systems tackles these disadvantages. The corrosion inhibitor can reduce delamination of a not yet healed defect and when the scratch is closed, further corrosion inhibitor depletion is prevented.
Scheme 1 shows the working principle of this MASH coating system: the self-healing polymer coating contains finely dispersed corrosion inhibitor containers (Scheme 1A). For this study, 2-mercaptobenzothiazole (MBT) was chosen as a corrosion inhibitor (Müller and Imblo, 1996; Bastos et al., 2008) and as shown by Tedim et al. intercalated in between the octahedral layers of layered double hydroxides (LDHs) (Poznyak et al., 2009) . Because LDH can be loaded with a lot of different kinds of negatively charged ions, it readily releases the MBT anions at elevated pH from the crystal lattice in exchange for smaller and highly charged chloride ions (Kukkadapu et al., 1997; He et al., 2006; Poznyak et al., 2009 ). This inhibitor release mechanism works fully autonomous as soon as the pH is high enough and/or chloride ions are present in the solution. Such nano-to micrometer sized particles were embedded into a shape-recovery coating based on polycaprolactone and isobornylacrylate (Lutz et al., 2015) . The combination of the two blocks results in a high molecular weight PCL acrylate with good mechanical properties with shape-recovery functionality above the glass transition temperature of the PCL phase. Heating this coating to 60°C induces enough mobility to automatically close mechanically inflicted defects, such as scratches or indentations (Scheme 1B) within only 2 min. This mechanism is fully independent of the MBT-release mechanism as sketched in Scheme 1C. However, if the scratch in the coating is not immediately healed, water and corrosive species can reach the metal and initiate corrosion. In this case, the corrosion inhibitor containers close to the scratch locally release the MBT into the solution and take up chloride ions in exchange. The released MBT dissolves and diffuses to the metal surface to form a protection layer on top of it (Scheme 1D). The shape-recovery mechanism can still be triggered independently of the first mechanism and additionally close the scratch at a later moment (Scheme 1E).
In this study, the structure and composition of the MASH coating was analyzed by SEM-EDX and Raman spectroscopy to investigate the inorganic (LDH and metal surface) and organic parts (MBT and coating) of this composite material, respectively. The effect of the released corrosion inhibitor and the independent restoration of the barrier properties of the coating after heating were evaluated by electrochemical impedance spectroscopy (EIS), whereas scanning vibrating electrode technique (SVET) was used to indicate the different corrosion activity of defects in a coating. Finally, the delaminated areas underneath the coatings after immersion were compared under an optical microscope and the presence of the corrosion inhibitor on the metal surface in the case of the MASH sample was confirmed by Raman spectroscopy.
eXPeriMenTal synthesis
The shape-recovery-based self-healing polymer coating resin was prepared as described in a recent article (Lutz et al., 2015) . In short, the prepolymer -a telechelic acrylated polycaprolactone (36 mol% PCL in the final formulation) -was mixed with isobornylacrylate at 60°C. 2,2-Dimethoxy-2-phenylacetophenone (10 mg/g, 99%, from Sigma-Aldrich Co.) and KIP 160 (a difunctional alpha hydroxy ketone, 10 mg/g from Allnex Belgium NV) were added to the mixture as photoinitiators. This resin was applied by a bar coater, resulting in a dry film thickness of about 100 μm on hot-dip galvanized steel (HDG) sheets (S250GD + Z350 from ArcelorMittal; thickness 0.8 mm) and cured by passing twice under 210 W/cm UV lamps (H + D) under nitrogen atmosphere. Before coating application, the steel samples were cleaned in two steps: (i) vapor cleaning in Kerry Ultrasonics installation and (ii) alkaline degreasing with Gardoclean S5086. The samples were prepared without the use of any other corrosion protection pretreatment of the HDG steel or an adhesion promoter to avoid unambiguous results and have clearly visible coating delamination. This sample is the reference and will be called SH.
Layered double hydroxides were synthesized following a procedure similar to the one of Poznyak et al. (2009) . All solutions were prepared with boiled distilled water minimizing the amount of dissolved CO2 in the solutions. Approximately 0.5M Zn(NO3)2 × 6H2O and 0.25M Al(NO3)3 × 9H2O were added dropwise to a 1.5M NaNO3 solution at pH 10 and kept constant (±1) at this pH by adding simultaneously drops of 2M NaOH. Nitrogen was bubbled through the reaction volume to avoid CO2 contamination. Afterwards the closed glass bottle with the solution was put into an oven at 65°C for 24 h. Subsequently, the white suspension was centrifuged and washed with boiled distilled water several times. The anion-exchange reaction was performed by adding the LDH slurry to a saturated solution of 2-MBT under argon atmosphere and stirring the closed bottle 
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Frontiers in Materials | www.frontiersin.org overnight. The solution was centrifuged and the anion-exchange reaction was repeated a second time. The slurry was washed with boiled distilled water and centrifuged twice again and dried in an oven at 65°C. The dry MBT-loaded LDH (MLDH) was grinded to a fine powder with a mortar and pestle, mixed into the SH coating resin at 60°C and put into the sonication bath for 10 min. Subsequently, the MASH resin was applied on HDG the same way as the reference (SH) coating with a 100 μm bar coater and cured with 210 W/cm UV lamps under nitrogen atmosphere. This sample is called MASH.
analysis
Electrochemical impedance spectroscopy was performed using an Autolab 128N potentiostat from Metrohm AG (Swiss) and a three-electrode setup (the sample as working electrode, a platinum grid as counter electrode, and a Ag|AgCl reference electrode coupled with a Pt wire and a capacitor as a high-frequency bypass). Forty-nine frequencies were excited, logarithmically equally distributed over the whole measurement range from 10 5 to 10 −1 Hz with an amplitude of 10 mV rms. A 1 cm 2 surface of the samples was exposed to a 0.05 M sodium chloride (NaCl) solution and was left immersed for about 5 min until a stable open circuit potential (OCP) was reached. All defects within this work were inflicted with a handmade microchisel that was pushed perpendicularly to the surface into the immersed coating. The size of the formed defect was roughly 50 by 500 μm. The microchisel was manufactured by sharpening a screwdriver with sand paper of 500, 1200, and, finally, 4000 grit to create a knifelike edge.
Scanning vibrating electrode technique measurements were performed using a SVET from Applicable Electronics, LLC, in
FigUre 3 | The optical micrograph (a) shows the Mash sample surface (The reference sample looks similar.). In the center are two vertical screwdriver blade indentations that form the defects through the coating. The ionic current density maps were recorded after 4 h of immersion 100 μm on top of the surfaces. For comparison, both maps have the same scale. The map of the reference sample (B) shows high current densities (±12 μA/cm 2 ) -an indication for the actively corroding sample. On the contrary, the sample with MLDH (c) shows much smaller current densities and thus corrosion inhibition.
FigUre 2 | raman spectra of a MlDh particle in the Mash coating, of the non-embedded MlDh powder, of MBT, and of the self-healing coating next to the MlDh particle confirming the presence of MBT encapsulated in the Mash coating. The peak assignment can be found in the ). Within this area, two defects were made as described above (see Figure 3) . Full penetration of the organic coating, exposing the underlying HDG steel, was confirmed under an optical microscope. The samples were put on a hot-stage and heated to 60°C for 2 min and then put on a lab table to cool down to room temperature.
Optical microscopy was performed on a Leica stereomicroscope together with its official LAX software. The SEM images were acquired with JSM-IT300 from Jeol (Europe) BV at 10 and 15 kV. The instrument was coupled with an Oxford Instruments SDD X-MaxN 80 mm 2 EDS detector for elemental analysis. Raman spectroscopy was performed with a LabRAM HR Evolution confocal Raman spectroscope from Horiba Scientific. A 532 nm wavelength green laser, a 50× long distance objective, a 600 g/ mm grating, and an air cooled CCD detector were used to record the Raman spectra. These data were processed with the standard LabSpec 6.2 software for this instrument, including spike removal and background correction on each single spectrum.
The experiments were performed at least three times, and similar results were achieved each time. For better comparison, the measurements shown in the results are from a single, re presentative sample. The coating was manually peeled off with a scalpel knife for the Raman spectroscopic measurements on the HDG surface after 48 h immersion in 0.05 M NaCl solution.
resUlTs anD DiscUssiOn coating characterization
The SEM cross-section in Figure 1 shows a cross-section of the MASH sample. Figure 1A presents the layers of steel and zinc from the substrate and the self-healing coating on top. The elemental mapping ( Figure 1B) confirms this structure. The MASH sample also contains finely dispersed LDH particles in the coating which contain the corrosion inhibitor MBT. These micrometer sized particles can also be seen as brighter dots in the self-healing coating in Figure 1A . Again, the EDX mapping ( Figure 1C) confirms the elements Al and Zn (from LDH) and S (from MBT), all present at the same locations.
A Raman spectrum of one of these MLDH particles in the coating is presented in Figure 2 . The main peaks of this spectrum colored in orange match the ones of the Raman spectrum of loose LDH particles loaded with MBT (blue). Figure 2 also shows a reference spectrum (black) of a drop of MBT solution put on an in-house developed SERS probe containing finely dispersed silver nanoparticles. The peaks are slightly shifted because of the different substrate, but coincide with those reported in the literature (Yang et al., 2008 ). An aqueous solution of MLDH powder was also put directly on HDG and the Ag-SERS probe. In both cases no MBT could be detected. This is not surprising, because in near-neutral solution the ion-exchange mechanism to release MBT is not triggered. On the contrary, when a drop of solution containing MLDH particles together with Na2CO3 was put on the Ag-SERS probe, the pH of the solution was high enough to cause the release of MBT. In this case, the red spectrum (top) in Figure 2 was recorded. It also shows that the MBT molecule first encapsulated in LDH can be released again unaltered into the solution. Finally, the Raman spectrum of MLDH particles in the coating contains weak peaks of the surrounding coating. Because of the MLDH particle size and the similar laser spot size, it is not surprising that the information gathered with the Raman spectrometer contains information of the material surrounding the MLDH particle. These measurements confirm the successful embedding of the corrosion inhibitor MBT encapsulated in LDH in the self-healing coating.
First self-healing action: effect of MBT
The restoration of the barrier properties of the self-healing coating alone were already demonstrated earlier (Lutz et al., 2015) . Therefore, in this publication, the focus is set on the additional corrosion protection of released MBT before thermal healing of the coating is induced. The corrosion inhibition effect was investigated using SVET and EIS. Figure 3A shows the area of the MASH coating with two defects as measured by SVET. Because the coating is transparent, the typical HDG steel surface can still vaguely be seen. The green insulation tape -visible at the outside borders of the image -ensures that all actively corroding areas will be recorded by the vibrating probe. The corrosion activity was measured as ion flux above defects in the reference coating and the MASH coating by SVET 4 h after immersion and 100 μm above the surface. Figure 3B shows the high current densities (of cathodic and anodic currents) up to about ±12 μA/cm 2 on the map above the artificial defects (or scribes) in the reference coating. Because no corrosion inhibitors were added, corrosive attack took place in the defects where the metal is exposed to the aggressive solution. The maximum current densities in the SVET map just above the defects in the MASH coating are much smaller and only around ±2-3 μA/cm 2 (see Figure 3C ). The reduced current is thus a direct effect of the MBT leaching out of the LDH containers in the coating inhibiting corrosion at the exposed surface. Figure 4 shows a typical impedance spectrum of an undamaged self-healing coating without corrosion inhibitor and spectra of the same sample with an artificially inflicted defect after 1 and 48 h immersed in 0.05 M NaCl. The impedance modulus of the unscratched SH sample increases almost linearly with decreasing frequency until ~5 × 10 9 Ωcm 2 at 0.1 Hz ( Figure 4A ). The almost purely capacitive behavior on the whole measured frequency range is reflected in the phase angle of about −90° and typical for a barrier coating (Montemor, 2014) . This spectrum can be numerically fitted by an equivalent electrical circuit (EEC) consisting of a capacitor and a resistor in parallel. The capacitor represents the coating capacitance (Ccoat) and the resistor the pore resistance (Rpore) as commonly described in literature (Walter, 1986; Amirudin and Thieny, 1995; González-García et al., 2007; Bastos et al., 2010; Hauffman et al., 2013) . When the barrier is disrupted, the effect of the underlying layers becomes visible. After 1 h of immersion, the impedance modulus only reaches about 5 × 10 5 Ωcm 2 at 0.1 Hz and simultaneously three time constants appear in the respective Bode phase plot (Figure 4B) . At the highest frequencies, an artifact of the reference electrode is visible, which contains a high-frequency bypass for the reference electrode and the solution resistance. The first relevant time constant around 1 kHz is related to the coating capacitance and pore resistance. The second one, which is initially less pronounced, shows the effects at the metal-solution interface. A double layer capacitance (Cdl) and a charge transfer resistance (Rct) of the corrosion reaction are commonly used to describe these effects of the passivation layer (Walter, 1986; Amirudin and Thieny, 1995; González-García et al., 2007; Bastos et al., 2010; Hauffman et al., 2013) . To account for imperfections of the real systems constant phase elements have generally been used instead of pure capacitances. After 48 h, the effect of the coating measured around 10 3 Hz disappears in the phase plot ( Figure 4B ) because of strong coating delamination (see also Figure 7 ). The time constant at low frequencies can again be described by a double layer capacitance and a charge transfer resistance of the continuing corrosion process. The reduction of Rct over time has been plot in Figure 5 . It decreases from 1 × 10 6 Ω (5 min after immersion of the sample with a defect in 0.05 M NaCl) to about 6 × 10 4 Ω after 48 h. As a consequence, also the absolute impedance modulus decreased further to 6 × 10 4 Ωcm 2 by then. The results of the EIS measurements of the MASH sample differ from the reference sample; see Figure 6 . The barrier properties of the unscratched MASH sample with an impedance modulus of almost 10 10 Ωcm 2 at 0.1 Hz ( Figure 6A ) are slightly improved compared with the SH reference sample. This deviation can be explained by a slightly different coating thickness or a difference in the permittivity (dielectric constant) of the MASH coating containing LDH particles. For numerical fitting, again a single RC circuit is used. One hour after the infliction of a defect, the impedance decreased to 10 6 Ωcm 2 . The Bode phase plot ( Figure 6B) shows three time constants. At the highest frequencies, the artifact of the reference electrode is still visible. Between 10 and 1000 Hz, the time constant related to the coating capacitance and the pore resistance of the coating is visible. The time constant around 1 Hz represents again the metal-solution interface with a double layer capacitance and a resistance of the charge transfer. The more pronounced low frequency time constant of the MASH sample indicates a more capacitive behavior originating from the MBT layer formed at the metal surface inhibiting the corrosion reaction. The effect of this layer on the corrosion activity coincides with the results of the SVET measurements earlier in this chapter. Equally, the charge transfer resistance of the MASH sample is higher than the respective values of the self-healing reference sample and stays almost constant (around 2 × 10 6 Ω) during 48 h as can be seen in Figure 5 . This effect is attributed to the MBT inhibiting the corrosion of the metal substrate. The protection of MBT has presumeably even increased over time because the low frequency time constant is more pronounced even though slow coating delamination has started. Furthermore, the disappearance of the time constant at medium frequencies of the MASH sample is slower than its disappearance of the reference coating (it is still visible after 48 h in Figure 6 ). This indicates already less severe coating delamination of the MASH sample. Figure 7 shows microscopy pictures of two samples with a defect after 48 h of immersion in 0.05 M NaCl solution. The
FigUre 7 | The optical microscope images show the corroded surface underneath the delaminated transparent coating with a defect in the center. The sample without corrosion inhibitor containers (a) shows 13 times bigger delamination than the sample where MBT was released from LDH in the coating (B).
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The MASH sample has a delaminated surface of 2 mm 2 , and the coating without inhibitor loaded containers has a delaminated surface of 27 mm 2 . Thus, the addition of MLDH to the reference coating reduces the delaminated area around a defect after 48 h in immersion by a factor 13.
Next, the delaminated area underneath the coating was investigated for the presence of corrosion products and corrosion inhibitor. Therefore, the coating of the samples shown in Figure 7B was removed and the metal surface was analyzed by SEM-EDX and Raman spectroscopy. At the delamination front, three different areas could be distinguished (Figure 8) . On the left side marked with the number 1 is the surface where the coating was not yet delaminated. It consists of coating traces, zinc, oxygen, and about 1% of aluminum. The area in the middle (2) is the delamination front. Small amounts of sulfur were detected by EDX. The rest of the delaminated area looks like area 3 on the right side of Figure 8 . Here, again sulfur and additionally 2 at % of chlorine were detected on the surface by EDX, the latter being the main responsible for the corrosive attack of the zinc surface and coating delamination. The detected sulfur originates from MBT, which was shown by another series of Raman spectroscopy measurements (Figure 9) . The spectrum of the MBT solution on the SERS probe was again taken as a reference. The uncorroded HDG surface far away from the defect is Raman inactive and basically just shows background noise in its spectrum (blue). The optical image on the bottom shows the uncorroded surface where the spectrum was recorded. Around the defect where the coating was already delaminated as a consequence of the corrosive attack, the spectrum contains weak MBT peaks (orange). The microscope image in the middle shows the respective surface. The same peaks -but more intense -are present in the spectrum taken just next to the defect (red), with the optical image of the side of the defect in the top right corner. Because MBT is present at the metal surface where corrosive attack by chloride ions took place and it was shown to be automatically released from LDH in the presence of aggressive ions (Poznyak et al., 2009) , we conclude that MBT is responsible for the corrosion inhibition at the HDG surface.
second self-healing action: effect of the shape-recovery coating When the coating was foreseen with a scratch or a defect, the energy that was put into the coating by mechanically deforming it, was stored by the material. However, it can be released by heating the sample. Surpassing the glass transition temperature of PCL, increases the mobility of the molecular network structure of the coating so much that it can recover its original shape with that stored energy, resulting in the closure of the defect. Thereby, no chemical bonds (other than by the creation of the defect) are broken or formed in this process, and thus theoretically it is infinitely repeatable (Westbrook et al., 2011; Lutz et al., 2015) .
A similar defect as shown for the ones before was inflicted to the coating of another MASH sample. The sample was immersed in 0.05 M NaCl solution and its impedance was measured once (Figure 10) . Next, after a total of <20 min, this sample was taken out of the solution, wiped dry with a tissue, and heated to 60°C for 2 min to trigger the non-autonomous on-demand healing action. This procedure was previously shown to be sufficient to heal defects in the coating without MLDH particles (Lutz et al., 2015) . The performance of the healed sample was again analyzed with EIS. Figure 10 shows the spectra of the undamaged sample, the sample with a defect, the sample that was heated to 60°C for 2 min. The undamaged and the damaged MASH samples show similar spectra as described before in Figure 6 . The sample after healing has clearly increased barrier properties which we relate to the closed defect. The impedance at 0.1 Hz is 10 8 Ωcm 2 . Numerical fitting of the spectra with either one (undamaged and healed sample) or three RC circuits (damaged sample) gives the respective values for Ccoat and Rpore. The capacitances, although denoted, for example, as Ccoat, were again fitted with CPE's instead of pure capacitances. Figure 11 shows that Ccoat increases when a defect is made into the coating and Rpore decreases at the same time. However, by heating the MASH sample, thereby closing the defect, Ccoat decreases back to almost the pristine values just above 10 −10
. Rpore also increases, but because the interface between the two sides of the scratch still persists, does not fully recover (2 × 10 8 vs. 10 10 Ω). If the defect was fully healed, we would expect all values to be similar to the one of the undamaged MASH sample. However, the values of the healed sample are between the one of the pristine sample and the one of the damaged one. The barrier properties of the coating could thus be increased by heating the sample providing better corrosion protection but could not be fully restored. The two phase boundaries came closer to each other but are still visible under the optical microscope (see Figure S1 in Supplementary Material).
Also, the OCP provides an indication for the partial recovery, see Figure 12 . The undamaged samples (SH reference and MASH) have an OCP of −0.62 V and −0.56 V, respectively. With a damage the OCP decreases to −0.95 V for both samples as the HDG surface is determining the corrosion potential. After healing, the potential of the SH reference sample rose again to −0.77 V and the potential of the MASH sample to −0.67 V. The difference in potential between the undamaged and healed sample is due to the non-perfect healing of the damage. Therefore, it is not surprising that the impedance did not recover to the same level as prior to the infliction of the defect.
However, the effect of the defect closing is much higher than the one of the MBT leached from the LDH particles.
cOnclUsiOn
We demonstrate for the first time that the combination of two different types of self-healing mechanisms, namely, an intrinsic action and an extrinsic action in a single coating. Smart corrosion inhibitor containers embedded in the shape-recovery coating automatically release 2-MBT to inhibit corrosion of a HDG steel sample with a defect in the self-healing polymer coating. Alternatively, the shape-recovery polymer coating closes the defect on-demand when heating the sample for 2 min above 60°C preventing ingress of solution, and thus corrosive attack. By combining the two self-healing mechanisms deficiencies of the single self-healing systems can be overcome. In particular, this leads to the following conclusions:
• The barrier properties of both undamaged coatings are similar, with slightly higher impedance of the MASH sample presumably caused by the finely distributed LDH containers in the coating.
• Upon immersion of a sample with a defect in 0.05 M sodium chloride solution, the additional protection of MBT leached out of the LDH containers can be observed with EIS and the presence of MBT at the protected metal surface can be verified by SEM-EDX and Raman spectroscopy.
• SVET measurements show a clear decrease of the corrosion activity of the MASH sample with a defect and when the defect is healed.
• After 2 days of immersion in this solution, the delaminated area underneath the coating of the MASH sample is significantly smaller than the one of the pure shape-recovery coating.
• Thermally induced on-demand self-healing partly closes the defect within 2 min by shape recovery of the polymeric coating.
However, for better long-time corrosion protection and reduced delamination adhesion promoters certainly need to be added to the coating system. A Multiple-Action Self-Healing Coating Frontiers in Materials | www.frontiersin.org acKnOWleDgMenTs AL wants to thank Kitty Baert for her support and advice with the Raman Spectroscope.
